The authors present a first principles approach for investigating the dielectric properties of Cu-phthalocyanine ͑CuPc͒. The local position-dependent dielectric constant of CuPc oligomers is determined from the charge density induced by an external finite electric field. The dielectric constants of a CuPc monomer along and perpendicular to its plane are extracted from appropriately chosen periodic arrangements of CuPc oligomers. The authors obtain dielectric constant values of about 15 along the CuPc plane and about 3.4 perpendicular to the plane.
The optical and static polarizability tensors of metal ͑Cu, Mg͒ Pc and metal-free ͑H 2 ͒ Pc monomer molecules were computed using first principles density functional theory ͑DFT͒ based methods. A classical electrostatic model which approximates the planar CuPc molecule as a prolate ellipsoid was then used to estimate it's dielectric tensor from the computed polarizability tensor. However, owing to the difficulty in defining the geometric attributes of the CuPc molecule, a rather broad range of dielectric constants ͑3-ϱ͒ was obtained along the direction perpendicular to the plane of the molecule. 8 Dielectric constants in the 10-20 range are expected along the plane of the molecule, based on this classical model. 8 In the present contribution, the dielectric constants of CuPc monomers are determined using a fully first principles computational approach, via the theory of the local dielectric permittivity developed recently. 9, 10 This approach requires the usage of supercell techniques, in which the effective CuPc monomer properties are extracted from appropriately chosen periodic arrangements ͑i.e., polymeric or oligomeric forms͒ of CuPc, as described below.
All calculations presented here were performed using the local density approximation within DFT ͑Ref. 11͒ as implemented in the local orbital SIESTA code. 12 Norm-conserving nonlocal pseudopotentials of the Troullier-Martins type were used to describe all the elements. Atomic configurations of ͓He͔2s 2 2p 2 , ͓He͔2s 2 2p 3 , ͓He͔2s 2 2p 4 , and ͓Ar͔3d 10 4s 1 were used for the C, N, O, and Cu pseudopotentials, respectively.
A double-zeta plus polarization basis set with orbitalconfining cutoff radii determined by a PAO.EnergyShift parameter of 0.0001 Ry was used for all calculations.
The atomic coordinates of the CuPc monomer was optimized in the absence of an external electric field, with the requirement that the force on each atom be smaller than ±0.04 eV/ Å. The CuPc monomer exists as a planar molecule, with several aromatic and nitrogen containing rings surrounding a central Cu atom. Our computed CuPc structure presented elsewhere 8 is in excellent agreement with prior computational work 13, 14 and with experiments.
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Dielectric constant along CuPc plane ͑⑀ ʈ ͒. Figure 1 shows the supercell used for the computation of the polarization and dielectric constant along the plane of a CuPc monomer ͑i.e., along the z direction͒. Note that the supercell contains two CuPc mer units. The supercell, when replicated in three dimensions, results in a periodic array of CuPc "ribbons" with the long and short ribbon axes along the x and z directions, respectively. A vacuum region ͑of thickness D͒ separates a ribbon from its periodic images along the y direction. The reason two monomer units are chosen within the supercell ͑as opposed to just one͒ is to allow for an unambiguous definition of the physical extent of the equivalent of a single monomer; the region between the two Cu atoms represents a single monomer. This definition will be useful when extracting dielectric properties from the following calculations.
The geometry of the entire ribbon was optimized, followed by the application of an electric field of strength ±␦ ͑with ␦ = 0.01 V / Å͒ along the z axis. 16 The atomic positions a͒ Electronic mail: rampi@ims.uconn.edu FIG. 1. ͑Color online͒ CuPc supercell used to compute the dielectric constant along the z direction. Cu atom is in red, N in purple, C in yellow, and H in green. The supercell repeats in three dimensions, resulting in an array of CuPc ribbons with their long and short axes along the x and z directions, respectively. The ribbons are two CuPc mer units wide and are separated by distance D along the y direction. A detailed description of the CuPc structure can be found in Ref. 8. were fixed at the field-free positions, while the electronic degrees of freedom were allowed to relax in response to the applied field. This implies that only the electronic contribution to the polarization and dielectric constant was addressed here. This decision was motivated by the fact that our prior work has clearly indicated that over 99% of the polarizaility of CuPc is electronic in origin. 8 For the supercell of Fig. 1 , the local position-dependent polarization induced due to an external field along the z direction is given by
where the p͑z͒ and ind ͑z͒ are the polarization along the z-axis and induced charge density, respectively, averaged on the x-y plane. The induced charge density ind ͑z͒ was evaluated as the difference of the charge densities due to positive ͑+␦͒ and negative ͑−␦͒ external electric fields. The solution of Eq. ͑1͒, with the appropriate boundary condition ͑zero polarization in the middle of the vacuum regions of the supercell͒, provides the planar averaged position-dependent polarization, from which the position-dependent local dielectric constant profile ͑for linear systems, such as the ones considered here͒ can be determined as
In the present work, E ext =2␦ = 0.02 V / Å, as p͑z͒ was determined from charge densities due to fields of +␦ and −␦ along the z direction separately. Figure 2 shows the local position-dependent dielectric constant along the z axis as defined in Fig. 1 , for D in the 5 -12 Å range. Note that as the computed z-dependent dielectric constant profiles are a result of planar averages along the x-y plane, they are a function of the parameter D. The locations of the highest two peaks in each case correspond to the location of the two Cu atoms within the supercell. As a result, the average value of the dielectric constant between the two peaks is the value corresponding to a single CuPc monomer, plus the vacuum region separating the CuPc ribbons along the z direction. These CuPc-vacuum "composite" values, ⑀ CuPc comp ʈ , are reported in Table I for all values of D studied.
Needless to say, ⑀ CuPc comp ʈ decreases with D. We can further extract the dielectric constant of an isolated CuPc molecule itself from these results using standard electromagnetic mixing theorems. 18 For a composite system comprising two alternately stacked dielectrics, the composite dielectric constant along a direction normal to the stacking direction is given by the "parallel" combination of the component "capacitors." In this case, the component dielectric constants add up linearly in proportion to their volume fractions, resulting in
where repeated in three dimensions, an array of CuPc sheets would result ͑while a single isolated monomer would have H atoms passivating the outermost atoms, here, the H atoms are absent to allow for bonding between adjacent mer units͒. The z dimension of the supercell was chosen large enough ͑Ͼ40 Å͒ so that interaction between two adjacent CuPc sheets is negligible. The z-dependent polarization and dielectric constant along the z direction were determined using the procedure described above ͓Eqs. ͑1͒ and ͑2͔͒. In this case, planar averaging along the xy plane implies an average over the equivalent of one CuPc mer unit. Figure 4 shows the computed dielectric constant as a function of position normal to the CuPc plane, with the CuPc plane located at z =5 Å. It can be seen that the maximum value of the dielectric constant is Ϸ3.4, consistent with the lower end of the wide range of values ͑3-ϱ͒ predicted by our prior semiclassical model. 8 In summary, we have presented a first principles approach for investigating the dielectric properties of CuPc, using the theory of the local dielectric permittivity. The dielectric constant of a single CuPc mer unit along and perpendicular to its plane are extracted from appropriately chosen periodic arrangements of CuPc. We obtain dielectric constant values of about 15 along the CuPc plane and about 3. 
